Introduction {#s1}
============

The basic helix-loop-helix (bHLH) nuclear transcription factors belong to an evolutionarily conserved superfamily of nearly 125 proteins playing pivotal roles in numerous essential cellular functions, including adaptation to micro-environmental changes, specification, differentiation, proliferation, and apoptosis. Although they were previously classified on the basis of a combination of functional features ([@R4]), unbiased sequence comparisons across proteins of numerous species have led to their classification into five clades ([@R40]). For information, the TWIST, HAND, and NEUROD proteins belong to clade A, the E2A proteins to clade B, and MYOD1 to clade C ([@R38]).

The bHLH structure comprises a motif of mainly basic residues (the b-domain), allowing protein binding to 5′-CANNTG-3′ cis-regulatory elements called E-boxes ([@R12]; [@R33]), and a dimerization motif of 50 residues forming two amphipathic α-helices separated by an interhelical loop (the HLH domain) ([@R47]). Post-translational regulations, including protein modifications and competition between partners for binding, are described to affect complex formation and the resulting bHLH transcription factor activities. The regulation of TWIST1 during embryonic development and its alteration in human syndromes are classical examples of this complexity. TWIST1 was originally identified in Drosophila (the *Twi* gene) as a zygotic developmental gene crucial to the establishment of the ventral furrow, a prerequisite to the development of all mesoderm-derived internal organs ([@R41]). In mice, *Twist1* haplo-insufficiency produces viable offspring but leads to abnormal craniofacial structures and polydactyly on the hind limb, a phenotype reminiscent of the dominantly inherited Saethre--Chotzen syndrome (SC) in humans, where *TWIST1* is mutated ([@R6]). TWIST1-depleted mice die at E10.5--11 because of numerous defects reflecting a role of this transcription factor in neural crest cell migration and determination and in mesoderm differentiation ([@R18]; [@R24]; [@R39]). TWIST1 has been found to dimerize, either with itself or with an E2A (E12 or E47) or HAND (HAND1 or HAND2) partner, and TWIST1 dimer selection has been shown to determine both the regulation of limb development ([@R16]; [@R17]) and cranial suture patterning and fusion ([@R10], [@R9]). Mutations in *TWIST1*, as observed in SC patients, favor homodimerization, either by reducing the level of the protein (monoallelic nonsense mutations) or by disrupting the Serl23 phosphorylation that dictates partner selection ([@R14], [@R15]; [@R16]; [@R46]).

While undetectable in most differentiated adult cells, *TWIST* genes (*TWIST1* and *TWIST2*) are aberrantly reactivated in numerous human cancer types, including carcinoma (breast, lung, and colon), sarcoma, melanoma, glioma, and retinoblastoma ([@R2]). Because it promotes the epithelial-to-mesenchymal transition (EMT), TWIST1 was originally depicted as a prometastatic factor ([@R50]). TWIST proteins actually display additional oncogenic properties. They abolish the activation of failsafe programs (senescence and apoptosis) in response to an oncogenic insult by turning down both RB- and p53-dependent oncosuppressive pathways ([@R1]; [@R23]; [@R28]; [@R44]), by inducing the AKT2 serine/threonine kinase-dependent pathway ([@R8]), and by promoting expression of anti-apoptotic BH3-only proteins ([@R22]; [@R48]; [@R51]). They thereby cooperate with mitogenic proteins, such as RAS and ERBB2, in promoting cell transformation *in vitro* and tumor development *in vivo* ([@R31]; [@R43]). Both intrinsic properties ([@R36]) and associated EMT ([@R21]; [@R25]; [@R50]) additionally lead to cell chemoresistance. Lastly, cell commitment to EMT is associated with reacquisition of stem-cell-like properties, including self-renewal potential, an important prerequisite for tumor development ([@R30]; [@R32]; [@R45]). Furthermore, EMT associated reprogramming facilitates cell transformation *in vitro* ([@R31]). TWIST proteins, thus, display pleiotropic oncogenic and prometastatic properties favoring tumor initiation, development, and dissemination.

When TWIST proteins are depleted *in vitro* or *in vivo* in cancer cells, senescence and apoptotic programs are restored ([@R1]; [@R23]; [@R43]). This and the accelerated senescence and decreased lifespan of SC patient osteoblasts as compared to control cells ([@R7]) suggest that TWIST proteins may constitute appealing therapeutic targets. In the present study, we have established, on the basis of homology with the X-ray structure of the bHLH domains of the murine E47/NEUROD1 complex, homology models of the human TWIST1 homodimer and heterodimers (formed with either the El2 or HAND1 dimerization partner) bound to their target DNA sequences. Although the protein backbone is similar for all of our *in silico*-generated models, the TWIST complexes differ substantially in their interhelical loops. Alterations of these loops, as observed in SC patients, significantly alter the stability of TWIST dimer--DNA complexes by inducing conformational changes. This suggests that these structures may constitute prime targets for pharmacological inhibitors.

Materials and methods {#s2}
=====================

Selection of X-ray structure and model building {#s3}
-----------------------------------------------

The primary sequences of human TWIST1 (Q15672), TWIST2 (Q8WVJ9), E12 (P15923-1), HAND1 (O906004) HAND2 (P61296), NEUROD1 (Q13562), E47 (P15923-2), and MYOD1 (P15172) were downloaded from the UniProtKB/Swiss-Prot website. The mouse NEUROD1 and E47 sequences were obtained from the 2ql2 PDB files. Primary sequences, restricted to the bHLH domains, were aligned with the ClustalW 2.0 software ([@R42]).

The X-ray structures of the human MYC/MAX dimer (PDB code lnkp) ([@R34]), mouse MYOD1/MYOD1 complex (PDB code lmdy) ([@R27]), and mouse NEUROD1/E47 complex (PDB code 2ql2) ([@R26]) were downloaded from the RCSB protein data bank. Two X-ray structures of mouse NEUROD1/E47 have been reported (2ql2A/2ql2B; 2ql2C/2ql2D), which slightly diverge (root-mean-square deviation, RMSD). The calculated RMSD (based on align seed residue and list distance parameters) on C-chains is weak and evaluated at 0.618 Å, suggesting that the two models can be considered similar.

Sequence alignments were submitted to the SWISS-MODEL Workspace ([@R3]) to generate models for homodimeric and heterodimeric TWIST1 complexes by homology with the NEURODl(2ql2D)/E47(2ql2C) or NEUROD1(2ql2B)/E47(2ql2A) template, respectively, as described in ([@R29]). The RMSDs between the models generated by Swiss Model Workspace and the folds are, respectively, 1.065/0.069 Å and 1.60/0.064 Å for TWIST1/E12 (modeled reference 2ql2B/A) and TWIST1/TWIST1 (modeled with the reference 2ql2D/C). The choice between the two homology models was finally made by calculating the RMSD of each dimer with respect to its reference. Homology modeling was performed with the same DNA sequence as used in the reported NEUROD1/E47 X-ray structure. The dynamics simulations represent series of possible conformational states of the DNA-bound complexes.

To gain further insight into TWIST1 dimer function and specificity, we generated additional models with two functionally active TWIST1 variants expressed in SC patients. These variants result from a 21-bp tandem repeat insertion into the *TWIST1* gene, leading to the aberrant presence of seven extra amino acids in the interhelical loop at position 135 or 139 (Ins-135 or Ins-139, Figure S5) ([@R13]). We, thus, built homology models of the following complexes: TWIST1/TWIST1, TWIST1 Ins-135/TWIST1 Ins-135, TWIST1 Ins-139/TWIST1 Ins-139, TWIST1/E12, TWIST1 Ins-135/E12, and TWIST1 Ins-139/E12.

Minimizations (\>10,000 steps with the conjugated gradient algorithm) were carried out with the Sybyl-X 1.1 software package, elaborated by the Tripos company. We applied the Tripos force field with the Gasteiger--Marsilli partial charges and a dielectric constant of 80 to simulate an implicit water phase (the dielectric constant of water is 20.10 at 20 °C). No restrains was applied to our models. This step principally refines and corrects the positions of residue side chains. The effects of minimization on the homology models were estimated approximately by calculating their RMSDs before and after the minimization step. In the heterodimer, the RMSDs of the E12 and TWIST1 peptides were 1.58 and 1.97 Å, respectively. In the homodimer, the RMSDs of the two TWIST1 peptides were 3.21 and 1.69 Å. The E-loop, thus, seems more disordered that the T-loop in the homodimeric complex, in agreement with the NeuroDl/E47 X-ray structure ([@R26]). Nonetheless, the RMSD calculation during the minimization step showed that the E-loop structure converges to a stable conformation, which could be used in dynamic simulations.

Molecular dynamics analysis {#s4}
---------------------------

The established homology models (including DNA sequences) were visualized with the VMD1.9.1 software ([@R19]; [@R20]). The resulting model was inserted into a parapipedic TIP3P solvent box by means of the add solvation box module of the VMD 1.9.1 software. A distance of 15 Å was set between the surfaces of the protein and the limit of the solvent box.

Conditions were computed to reach neutral charges before adding sodium and chloride to concentrations corresponding to physiological conditions. The model was minimized with the NaMD 2.8 bl software for 1000 steps before the molecular dynamics simulations ([@R37]). It was computed on a 144 xeon core CPU cluster supercomputer (SGI Altix). Simulations were carried out at constant temperature (300 K) and pressure (1 atm) and by implementing the widely used CHARMM 27 force fields. The time step was set at 1 fs and Langevin dynamics was performed with a target piston pressure of 1.01325 bar and a damping coefficient of 5ps^−−1^. There is no coupling of the Langevin temperature with hydrogen. The PME algorithms were applied with a grid extended by 10 Å from the periodic boundary condition size ([@R11]). The electrostatic cut-off was set at 14 Å. A conformation was sampled every 10 ps. As the solvent was described, the dielectric constant was set at 1. To identify steady conformations, 2D-RMSD calculations were carried out on 100 conformations selected, with a stride of 10, from the 1000 conformations produced during the 10-ns simulation. The equilibrium state was reached around 30-ps for all studied models.

Results {#s5}
=======

Generation of 3D models of TWIST1 by homology with the NEUROD1/E47 X-ray structure {#s6}
----------------------------------------------------------------------------------

The X-ray structures of the NEUROD1/E47 and MYOD1/MYOD1 bHLH domains and MYC/MAX bHLH-LZ domains bound to the corresponding E-box sequences have been reported ([@R26]; [@R27]; [@R34]). To determine the suitable template structure for establishing by homology the structures homodimeric and heterodimeric TWIST1 complexes, primary sequence alignments were carried out. Use of the MYC/MAX structure was excluded, as the identity scores of TWIST1 and E12 vs. MYC and MAX are low (23 and 18% for TWIST1 and 17 and 9% for E12, respectively). Despite higher identity scores (37, 30, 35, 37, and 33% identity between MYOD1 and E47, E12, TWIST1, HAND2, and HAND1, respectively, [Figure 1(A)](#F1){ref-type="fig"}), the MYOD/MYOD X-ray structure was also excluded, as the E-box sequence within it (5′-CAGCTG-3′) is not recognized by TWIST complexes ([@R12]) and as MYOD1 belongs to a different clade of bHLH proteins ([@R38]). Strikingly, the mouse NEURODl/E47 complex (2ql2 pdb file) meets all the criteria for constituting an appropriate template. In their bHLH domains, human E12 and E47 are 85 and 91% identical, respectively, to the murine E47 protein and TWIST1 is 48 and 29% identical, respectively, to the murine NEUROD1 and E47 proteins ([Figure 1(A)](#F1){ref-type="fig"}). Moreover, the 5′-CATCTG-3′ E-box sequence included in this X-ray structure ([Figure 1(B)](#F1){ref-type="fig"}) has been reported as a TWIST-responsive element ([@R10]; [@R12]). Although the C-terminal sequences adjacent to the bHLH domain, known as the TWIST-box, constitute a protein interaction site essential for TWIST function ([@R5]; [@R39]), we reasoned that a structural model restricted to the bHLH domains should provide additional insights into the TWIST--DNA interface and highlight functional differences between TWIST1 complexes. Moreover, the extreme conservation (89% identity) between the two TWIST proteins ([Figure 1](#F1){ref-type="fig"}) suggests that the results of the present work can most certainly be extrapolated to the TWIST2 protein.

![Primary sequences of the proteins and DNA sequence employed in the present study. (A) Primary sequence alignment of the bHLH domains of the NEUROD1, TWIST, HAND, and E2A proteins. TWIST1 residues identified as essential to the structure of the interhelical loops or to their binding to DNA are indicated. Residues within the interhelical loops are underlined, h and m stand for human and murine, respectively. (B) Sequence of the cis-regulatory element of the insulin promoter included in the NEUROD1/E47 X-ray structure and employed to establish the TWIST homology models.\
To facilitate comparison of the DNA-binding properties of the dimers, numbering of the residues in each strand begins with the first base of the 5′-CATCTG-3′ E-box core (uppercase bold). Consequently, the paired bases located on the opposite strand are differently numbered. The strands containing the CAT and CAG half-sites are bound to TWIST1 and El2, respectively.](tbsd32_226_f1){#F1}

Following the dynamics simulations, 2D-RMSD calculations taking the constraints of the template as a reference were carried out on all models. Analysis of the 2D-RMSD variations led to identifying stable conformations under physiological conditions. For each complex, three different steady states are achieved (Figure 1S, labeled 1--3). On the 2D-RMSD plots, these steady states are represented as the centers of yellow squares (Figure S1). As it took only 30-ps for each model to appear having achieved equilibrium, the 100-ps time point was excluded from the next analysis.

The resulting structural models highlight an interhelical loop between the two amphipathic α-helices, likely involved in protein--DNA complex stabilization and in specifying the target DNA sequence ([Figure 2](#F2){ref-type="fig"}). This assumption is supported by the observation that in the TWIST1/E12 heterodimer, the highly conserved residues Asn125, 1ysl42, and Lysl45 of the interhelical loop of TWIST1 and the corresponding residues Asn566, Lys584, and Lys588, as well as the residue Gln586 of the interhelical loop of E12, are all located in the vicinity of the DNA and likely contribute to DNA binding through hydrogen bonds (H-bonds) or allosteric effects ([Figure 2(A)](#F2){ref-type="fig"}).

![Comparison of the T- and E-loop structures in TWIST1 complexes. (A) Visualization of key residues within the T-loop and E-loop of the TWIST1/E12 heterodimeric complex, located at the vicinity of DNA. The protein structures are represented as ribbons. (B) Left panels: superposition of the T-loop and E-loop structures of the TWIST1/TWIST1, TWIST1/E12, and TWIST1/HAND1 dimers, as indicated at the bottom. Right panels: superposition of the TWIST1 T-loop with the E-loops of TWIST1, E12, and HAND1, as indicated at the bottom. Images correspond to the second steady states of the dynamics simulations. C) Superposition of the E- and T-loop structures (represented as ribbons) of the different TWIST1 complexes as detected at the third steady state of the dynamics simulation. E- and T-loop surfaces are colored in violet and brown, respectively.](tbsd32_226_f2){#F2}

We next compared the dimer structures. For convenience, we arbitrarily called 'T-loop' the interhelical loop of the monomer modeled on the basis of the structure of murine NEUROD1 and 'E-loops' those of monomers modeled on the basis of the E47 structure. While the backbone of the T-loop showed similar conformations in the homodimer and different heterodimers, the backbone of the E-loop was found to diverge significantly between dimers ([Figure 2(B)](#F2){ref-type="fig"}), because the amino acids composing the sequences of the different TWIST1 partners differ as regards length, polarity, charge, and hydrophobicity ([Figure 1](#F1){ref-type="fig"}). Significant divergence was found between the T-loop and E-loop of the TWIST1 homodimer ([Figure 2(B)](#F2){ref-type="fig"}). This divergence may be largely attributable to the use of a heterodimeric complex as a template. The E-loop of mE47 is quite disordered in the X-ray structure, but the 10-ns dynamics simulations showed its stability in space and time. The loops of the TWIST1/TWIST1 complex reach equilibrium at 5.5 ns (Figure S1(B)). This stabilization is likely due largely to interaction with DNA, as described below. We, then, investigated whether the conformation of the lateral loops might depend on the strand of DNA associated with the monomer, as E-boxes are asymmetrical. For this, we inverted the orientation of the DNA in the TWIST1/TWIST1 model, and carried out an additional 10-ns dynamics simulation. This inversion was found to affect the loop conformations only slightly, as symmetrical interactions between Arg118 and the DNA were found (Figure S2). We conclude that the divergence between T- and E-loops within the TWIST homodimeric complex is unlikely due to sequence difference between the two DNA strands.

Taken together, our data demonstrate that TWIST1 complexes differ significantly in the conformation of their interhelical loops. Remarkably, unlike the T- and E-loops of the TWIST1 homodimer, the E-loop of the heterodimer was found to form a deep cavity that might potentially be targeted in an effort to select specific inhibitors ([Figure 2(C)](#F2){ref-type="fig"}).

Structural determinants of the interhelical loops {#s7}
-------------------------------------------------

We next aimed to identify residues essential for interhelical loop conformation. Although these loops do not have a structural organization strictly speaking, H-bond formation can stiffen their structure. By limiting our study to H-bonds with an occupancy exceeding 5% of the total simulation and by excluding H-bonds between residues of different protein partners or involved in α-helix structures, we were led to focus on four TWIST1 residues: Lysl45, Serl44, Argl32, and Argll8.

Our results show that in the T-loop and E-loop of the TWIST1 homodimer, the --NZ2 functional group of Lysl45 interacts with the oxygen atom of the --OD1 group of Asnl25 residue ([Figure 3(A)](#F3){ref-type="fig"}), while it fails to do so in the T-loop of the heterodimer ([Figure 4](#F4){ref-type="fig"}). Interestingly, the functional groups of Lysl45 and or Asnl25 additionally establish H-bonds with oxygen groups of DNA bases ([Figure 3](#F3){ref-type="fig"}). In both the T-loop and E-loop of the homodimer, the Lysl45 residue interacts alternatively with the oxygen of the Asnl25 residue and with the Ade (+2) nucleotide of the E-box during the 4 first ns of the simulation, and sporadically during the rest of the simulation ([Figure 3](#F3){ref-type="fig"}). In parallel, a second H-bond is established between the Lysl45 residue and the Cyt(+1) base ([Figure 3](#F3){ref-type="fig"}). In addition to the Lysl45--Cyt(+1) interaction detectable in both the T-loop and the E-loop, the Asnl25--Ade(+2) interaction is additionally established in the T-loop ([Figure 3(A)](#F3){ref-type="fig"}).

![Hydrogen bonds involving the Asnl25, Lysl42, and Lysl45 residues in the TWIST1 lateral loops.\
Left panels: positions of residues Asnl25, Lysl42, and Lysl45 within the T-loop (A) and E-loop (B) of the TWIST1 homodimeric complex. Right panels: distances between residues and/or bases during the dynamics simulation are depicted as plots of distance from donor to acceptor atom (A) versus frame number (total time, 100 frames per ns). H-bonds are established when the two functional groups are less than 2 Å apart.](tbsd32_226_f3){#F3}

![Hydrogen bonds involving the Asn125, Lys142, and Lysl45 residues of TWIST1 and the Asn566 and Lys588 residues of E12 within the lateral loops of the TWIST1/E12 heterodimeric complex.\
Left panels: positions of the Asnl25, Lysl42, Lysl45, Asn566, and Lys588 residues within the T-loop (A) and E-loop (B) of the TWIST1/E12 heterodimeric complex. Right panels: distances between residues and/or bases during the dynamics simulation are depicted as plots of distance from donor to acceptor atom (Å) versus frame number (total time, 100 frames per ns). H-bonds are established when the two functional groups are less than 2 Å apart.](tbsd32_226_f4){#F4}

Both the Lysl45 and the Asnl25 residues within the T-loop of the TWIST1/E12 heterodimer also establish H-bonds with DNA bases (Cyt(+1) and Ade(+2), respectively) ([Figure 4](#F4){ref-type="fig"}). It is worth noting that the Lysl42--Ade (+2) interaction established in the first part of the simulation is partially transferred to the Asn125 residue in the course of the dynamics simulation ([Figure 4](#F4){ref-type="fig"}). Similar interactions between the corresponding Lys588 and Asn566 residues of E12 and the Ade(+2) and Cyt(+1) nucleotides also take place sporadically within the E-loop ([Figure 4](#F4){ref-type="fig"}). In summary, these observations show that Asnl25 and Lysl45 residues play a determining role in stabilizing TWIST1 complexes on the DNA, by contributing to the establishment of the interhelical loop conformation and by directly interacting with oxygen atoms of DNA bases. In support of this view, the K145E mutation in TWIST1 abolishes the stable binding both the TWIST1 homodimer and the TWIST1/E12 heterodimer (Figure S3, ([@R15]; [@R29])).

In both the homodimeric and heterodimeric TWIST1 complexes, the Serl44 residue of TWIST1 and its counterpart Thr587 in E12 or Serl31 in HAND1 are invariably located along the bottom edge of a T- or E-loop ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"} and S4). These residues form H-bonds with either Thrl48 of TWIST1 ([Figure 5](#F5){ref-type="fig"}), Leu590 (counterpart of Glnl47) of E12 ([Figure 6](#F6){ref-type="fig"}), or Lysl34 and Thrl35 (counterparts of Glnl47 and Thrl48) of HAND1 (Figure S4). While the Serl44-Thrl48 interaction is fairly stable throughout the dynamics simulations in all homodimeric and heterodimeric complexes ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}), the Serl44-Glnl47 interaction appears to be less stable and even absent in the TWIST1/HAND1 heterodimer (Figure S4).

![Hydrogen bonds involving the Ser144 residue of TWIST1.\
Left panels: position of Ser144 residue within the T-loop (A) and E-loop (B) of the homodimeric TWIST1 complex. Right panels: distance between residues and/or bases during the dynamics simulation are depicted as plots of distance from donor to acceptor atom (A) versus frame number (total time, 100 frames per ns). H-bonds are established when the two functional groups are less than 2 Å apart.](tbsd32_226_f5){#F5}

![Hydrogen bonds involving residue Serl44 of and its counterpart Thr587 in E12.\
Left panels: position of the Serl44 residues within the T-loop (A) and E-loop (B) of the TWIST1/E12 heterodimeric complex. Right panels: distances between residues and/or bases during the dynamics simulation are depicted as plots of distance from donor to acceptor atom (A) versus frame number (total time, 100 frames per ns). H-bonds are established when the two functional groups are less than 2 Å apart.](tbsd32_226_f6){#F6}

Interestingly, in both the T-loop and E-loop of the homodimer as well as in the E-loop of the TWIST1/E12 heterodimer, the HG group of Serl44 residue additionally establishes stable H-bonds with the O1P group of Cyt (---l) nucleotide ([Figure 5](#F5){ref-type="fig"}). Surprisingly, the Serl44--Cyt (---1) and Serl31--Cyt(---l) H-bonds are not conserved in the TWIST1/HAND 1 heterodimer (Figure S4). Taken together, these data demonstrate that H-bonds are determinant in maintaining interhelical loop conformation and contribute to determining the affinity of TWIST1 complexes for E-boxes. In support of this view, the S144R mutation in TWIST1 abolishes the stable binding to DNA of both the TWIST1 homodimer and the TWIST1/E12 heterodimer (Figure S3) ([@R15]; [@R29])).

Interestingly, in both the T- and E-loops of the TWIST1/TWIST1 and TWIST1/E12 dimers, the highly conserved residue Arg118 ([Figure 1](#F1){ref-type="fig"}) additionally establishes stable H-bonds with both the O2P group of Cyt (+4) and the O2P group of Ade(+4∗) bases ([Figure 7](#F7){ref-type="fig"}). The fourth base of the E-box is, thus, important in stabilizing TWIST1 complex binding to DNA. When the DNA is placed in the opposite orientation in the TWIST1 homodimeric model, the H-bonds between residue Arg118 and the fourth base of the E-box (Ade(+4∗) or Thy(+4)) are conserved (Figure S2(B)). We conclude that E-box asymmetry most likely does not determine either the sequence targeted or the stability of' the protein/DNA complex. Maintenance of these interactions largely explains the stability of T- and E- loop conformations in the TWIST1 homodimeric complex (Figure S2(A)).

![Hydrogen bonds involving the Arg1l8 residue of TWIST1 and its Arg559 counterpart in E12.\
The role of residues, Arg1l8 and Arg559, was examined in the context of both the TWIST1 homodimer (A) and the TWIST1/E12 heterodimer (B). Upper panels: positions of the Argll8 residues within the homodimeric TWIST1 complex (left panels) and of the Arg1l8 and Arg559 residues within the heterodimeric TWISTI/E12 complex (right panels). Lower panels: distances between residues and/or bases during the dynamics simulations are depicted as plots of distance from donor to acceptor atom (A) versus frame number (total time, 100 frames per ns). H-bonds are established when the two functional groups are less than 2 Å apart.](tbsd32_226_f7){#F7}

In all TWIST1 complexes examined, the Arg132 residue is invariably oriented towards the inside of the T-loop ([Figure 8](#F8){ref-type="fig"}). In both the homodimer and the TWIST1/E12 heterodimer, interestingly, this residue establishes H-bonds with the oxygen atoms of both Leul43 and Thrl48, although the configuration adopted and the timing of bond formation differs according to the complex. In the homodimer, Arg132 interacts concomitantly with both residues during the first 2.88-ns of the dynamic simulation, i.e. in the first steady state identified, and both interactions are lost in the next two steady states. The T-loop, thus, evolves from a closed to an open conformation ([Figure 8(A)](#F8){ref-type="fig"}). In the TWIST1/E12 heterodimer, Arg132 interacts alternatively with the two residues, the Arg132--Leu143 interaction being favored with time. The T-loop, thus, evolves from an open to a closed conformation ([Figure 8(B)](#F8){ref-type="fig"}). In the TWIST1/ HAND1 complex, Arg132 interacts concomitantly with both Thrl48 and Leul43, with a preference for Thrl48 over time (Figure S4). Despite these differences, Arg132 is likely to be determinant in establishing the T-loop conformation in all TWIST1 complexes. These H-bonds are not formed in the E-loop of the homodimer, or the bond with Serl40 forms only transiently ([Figure 8](#F8){ref-type="fig"}); as a result, the two helices come close together and reduce the space inside the E-loop. In support of the hypothesis that Arg132 plays a structural role in the T-loop only, the orientation of the side chain of its counterpart in E12 (Arg574) excludes an involvement in H-bonds. In contrast, in the E-loop of the TWIST1/HAND1 heterodimer, Arg118 (counterpart of Arg132) establishes an H-bond with Asnl23 (Figure S5).

![Hydrogen bonds involving residue Argl32 of TWIST1.\
The role of the residue was examined in the context of the TWIST1 homodimer (A) and TWIST1/E12 heterodimer (B). Left panels: positions of the Argl32 residues within the complexes. Central panels: distances between residues and/or bases during the dynamics simulations are depicted as plots of distance from donor to acceptor atom (A) versus frame number (total time, 100 frames = l ns). H-bonds are established when the two functional groups are 2 Å apart. Right panels: superposition of the complex structures as detected at different time points of the dynamics simulations.](tbsd32_226_f8){#F8}

Insertions in the interhelical loops of TWIST1, as observed in SC patients, affect both their structure and interaction with DNA {#s8}
--------------------------------------------------------------------------------------------------------------------------------

To gain further insights into the role of the interhelical loops in TWIST1 dimer function and specificity, we next focused on additional Saerthe--Chotzen associated TWIST1 variants with aberrant insertion of seven amino acids into the interhelical loop at position 135 or 139 (Ins-135 or Ins-139, Figure S5) due to the presence of a 21-bp tandem repeat in the *TWIST1* gene ([@R13]). Using a homology strategy similar to that described above, *in silico* models based on the murine NEUROD1/E47 X-ray structure were established and subjected to dynamics simulations. From the 2D-RMSD calculations, three steady states were selected as previously (Figure S6). The results show, as expected, that both insertions increase the length and surface of the interhelical loops and significantly move the T-loop towards the second helix of the HLH, this effect being more pronounced in the Ins-139 variant (Figure S5). Many interactions between loop residues are modified in complexes containing an Ins-variant of TWIST1 (e.g. the Arg132-Thr148 interact is disrupted in the T-loops of homodimers containing either Ins-variant) ([Table 1](#T1){ref-type="table"}).

###### 

Main H-bonds established within the interhelical loops of the various TWIST1 complexes. Interactions are either established (% occupancy is indicated) or absent (---), over the time course of the dynamics simulations minus the first 100 ps. The percentage of occupancy represents the time during which the H-bond is established. Stable, periodic, and sporadic interactions are labeled in dark grey, light grey, white respectively.

![](tbsd32_226_t1)

It is noteworthy that the two insertions have somewhat different effects (e. g. the Arg132--Leu143 interaction is disrupted in the T-loop of the Ins-135 homodimer and is fully stabilized in that of the Ins-139 homodimer) ([Table 1](#T1){ref-type="table"}). Conversely, the insertions create some novel concomitant H-bonds (Met575-His593, Gln577-Gln594, and Gln577-Glu583 in the E-loop of the TWIST1 Insl39/E12 heterodimer, [Figure 9](#F9){ref-type="fig"}), Lysl45--Thrl48 in the T-loop and Argl39--Aspl57 in the E-loop of the TWIST1 Ins-135 homodimer, ([Figure 10](#F10){ref-type="fig"}), stiffening the structures of these loops. In the TWIST1 Ins-139 homodimer, some newly established H-bonds involve aberrantly inserted residues (Lys (Ins + 1)--Aspl41, Lys (Ins + l)--Pro (Ins + 7)) ([Figure 10](#F10){ref-type="fig"}).

![Amino acid insertions within the interhelical loops of the TWIST1/E12 heterodimer (Ins-135 and Ins-139), as observed in SC patients, generate novel H-bonds.\
Left panels: positions of the aberrantly inserted residues involved in novel H-bonds within the interhelical loops in the Ins-135 TWIST1/E12 (upper panel) and Ins-139 TWIST1/E12 (lower panel) heterodimeric complexes. Right panels: distances between residues and/or bases during the dynamics simulations are depicited as plots of distance from donor to acceptor atom (A) versus frame number (total time 100 frames per 1 ns). H-bonds are established when the two functional groups are less than 2 Å apart.](tbsd32_226_f9){#F9}

![Amino acid insertions within the interhelical loops of the TWIST1/TWIST1 homodimer (Ins-135 and Ins-139), as observed in SC patients, generate novel H-bonds.\
Left panels: positions of the aberrantly inserted residues involved in novel H-bonds within the interhelical loops of the Ins-135 (A) and Ins-139 (B) homodimeric TWIST complexes. Right panels: distances between residues and/or bases during the dynamics simulations are depicted as plots of distance from donor to acceptor atom (A) versus frame number (total time, 100 frames per 1 ns) H-bonds are established when the two functional groups are less than 2 Å apart.](tbsd32_226_f10){#F10}

The insertions additionally alter certain residue-DNA interactions (e. g. Serl44--Cyt(---1) in the T-loops of the homodimers containing either insertion variant) and create novel ones (e.g. Serl44--Cyt(---l) in the T-loops of the heterodimers containing either insertion variant) ([Table 1](#T1){ref-type="table"}). Taken together, these data suggest that both insertions distort the interhelical loops, thus, greatly affecting protein/DNA complex stability.

Discussion {#s9}
==========

As a regulator of cell migration and specification, the TWIST1 transcription factor is essential to embryonic development in multiple species ([@R13]). As a reminiscence of its embryonic functions, its aberrant reactivation observed in numerous cancer types was originally associated with cancer cell dissemination ([@R49]). Further investigations have led to attributing to TWIST1 additional functions in malignant conversion and tumor progression, mainly involving failsafe program inhibition and EMT induction ([@R2]). Interestingly, TWIST1 depletion in numerous cancer cell types is sufficient to reactivate senescence or apoptosis programs ([@R1]; [@R28]; [@R43]; [@R44]), suggesting that TWIST1 inhibition may constitute a novel anti-cancer therapeutic route.

Beyond the difficulty of targeting nuclear factors, an additional complexity of TWIST1 activity arises from its ability to associate with different partners, i.e. with itself or with E12/E47 or HAND, to form functionally different homo- or heterodimers. The balance between these complexes determines TWIST1 function, and altered dimer selection has dramatic consequences, as demonstrated by the altered phenotype of mice and SC patients with TWIST1 haplo-insufficiency ([@R10]; [@R16], [@R17]) and mice ectopically expressing TWIST1-tethered dimers ([@R9]).

On the basis of this information, we have sought to compare the structures of different protein--DNA complexes to gain further insights into the functional consequences of the TWIST1 mutations/insertions encountered in SC patients, and potentially to identify structures that might be targeted to impair TWIST1 function.

Although the N- and C-terminal sequences of TWIST1 also play a role in TWIST1 functions, we have restricted our analysis to the bHLH domain, taking advantage of the available X-ray structure of the murine NEUROD1/E47 protein complex associated with its DNA target sequence ([@R26]). The high identity scores computed for the two clade-A proteins, TWIST1 and NEUROD1, and for the two E2A splice variants, E12 and E47, along with the fact that the E-box selected has been identified as a functional TWIST1-responsive cis-regulatory element in the promoting sequences of several of its target genes ([@R10]; [@R12]), argue strongly in favor of the reliability of the established TWIST1/E12 homology models. Although TWIST1 and HAND1 diverge more markedly from E47, the identity scores remain high enough to generate trustworthy homodimeric and TWIST1/HAND1 heterodimeric complexes.

Structural analysis highlights, between the two amphipathic α-helices, an interhelical loop whose conformation differs between the monomers forming a given TWIST1-containing dimer and according to the partner of TWIST1 in the dimer ([Figure 2](#F2){ref-type="fig"}). We demonstrate that these structural divergences notably reflect differences in residue composition, as they affect the formation of H-bonds involving either residues or DNA bases. Interestingly, the E-loop of the TWIST1/E12 heterodimer forms a unique cavity that might reasonably be targeted in efforts to select specific intercalating molecules for pharmacological purposes. Preliminary docking analysis of the NCI library supports this hypothesis (data not shown).

Residues located in the loops of all of the homodimers and heterodimers studied interact with nucleotides -- 1 to +4 of the E-box sequence ([Figures 3](#F3){ref-type="fig"}--[8](#F8){ref-type="fig"}), known to be important in bHLH binding ([@R12]; [@R35]). In the light of the importance of these interactions, we have assessed the consequences of insertions within the interhelical loops (Ins-135 and Ins-139) ([@R13]) observed in SC patients on TWIST1 complex structure. As expected, both insertions significantly increase the surface and strongly modify the conformations of the interhelical loops ([Figures 9](#F9){ref-type="fig"} and [10](#F10){ref-type="fig"}, S5 and S6). They notably abolish certain H-bonds between T-loop residues and promote the formation of novel ones ([Table 1](#T1){ref-type="table"}). The Ins-139 insertion additionally disrupts many interactions of the T-loop with DNA, especially within the homodimer ([Figures 9](#F9){ref-type="fig"} and [10](#F10){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). This observation corroborates the reported reduced DNA-binding affinity of the TWIST1 Ins-139/E12 heterodimeric complex ([@R15]).

Remarkably, the two SC-associated TWIST1 alterations are not equivalent, as the Ins-135 insertion disrupts much fewer contacts between interhelical loops and DNA ([Table 1](#T1){ref-type="table"}).

The relevance of our models is additionally supported by the analysis of two additional TWIST1 variants found in SC patients, characterized, respectively, by the point mutations K145E and S144R ([@R15]). Residues 145 and 144 are located, respectively, at the center of the dimer and along the bottom edge of the interhelical loop, at the interface with the DNA (Figure S3). Both mutations appear to increase complex flexibility ([@R29]). The K145 substitution strongly impairs TWIST1 binding to DNA and only slightly reduces dimerization ([@R15]). Lysl45 actually interacts with the second, determinant nucleotide of the E-box. The K145E substitution probably abolishes this interaction through repulsion between the carbonyl group of Glu and the phosphate group on the DNA base. In addition, Serl44 in the T-loops of both the TWIST homodimer and the TWIST1/E12 heterodimer and its counterpart Thr587 in the E-loop of the latter are in close contact with Cyt(---l) ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). In support of the view that Serl44 plays a role in DNA binding, the SC-associated point mutation S144R was also found to abolish TWIST1-DNA binding, likely by destabilizing the DNA--protein complex ([@R15]; [@R29]). Interestingly, the Ins-135 and Ins-139 insertions strongly alter the capacity of Serl44 (or Thr587) to interact with Cyt(---1) in both loops of both the homodimeric and the heterodimeric complex ([Table 1](#T1){ref-type="table"}). This provides an explanation for the reported reduced DNA affinity of the TWIST1 Ins-l39/E12 heterodimer ([@R15]). It is worth noting that in the TWIST1/HAND1 heterodimer, neither Serl44 in the TWIST1 T-loop nor its counterpart Serl31 in the HAND1 E-loop interacts with Cyt(---1) of the E-box. This highlights a functional divergence between TWIST1 complexes (Figure S4).

Taken together, our data support the view that interhelical loops within the bHLH play a determining role in maintaining TWIST1 --DNA complex structures and provide a structural explanation for the loss of function associated with several TWIST1 mutations/insertions observed in SC patients.
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